Abstract-A novel vital-sign sensor with a self-injection-locked oscillator and a frequency demodulator to reduce system complexity and improve sensitivity is proposed. The theory provides a delta-sigma model to account for the excellent signal-to-noise spectral density ratio in a parametric study of the sensitivity performance. Then, the experiments verify the sensing principle and the predicted performance. Accordingly, a prototype sensor with high sensitivity is realized for noncontact cardiopulmonary monitoring, achieving a long sensing distance without the need for a low-noise amplifier. The sensing distance can grow four times longer by doubling the operating frequency. Furthermore, the sensor using a swept frequency can eliminate the null detection points and the external radio interference. As an experimental result, the sensor, which is placed 4 m away from the subject, can reliably detect the heartbeat signal an the operating frequency of 3.6 GHz and an output power level of 0 dBm. Index Terms-Delta-sigma model, frequency demodulator, selfinjection-locked oscillator, vital-sign sensor.
A Novel Vital-Sign Sensor Based on a Self-Injection-Locked Oscillator I. INTRODUCTION D UE TO the convenience of wireless networks, wireless healthcare service, which provides wireless data access to home-monitoring healthcare devices, has become prevalent in many countries [1] . With this service, a health-monitoring system can put patients at home under surveillance for recognizing health problems and deliver real-time vital-sign information to a remote caregiver using the current wireless infrastructure. Recently, Doppler radars have been widely used for noncontact cardiopulmonary monitoring [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The advantages of the specific monitoring include reduction in the patients' discomfort during the application of the monitoring process and the potential for widespread adoption. Based on the Doppler radar technology, Fig. 1 illustrates the most general architecture of the line-of-sight short-range sensor for detecting vital-sign signals [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . An RF continuous wave (CW) signal is generated by the voltage-controlled oscillator (VCO) and emitted by the transmit antenna toward the subject. The time-varying chest wall position caused by cardiopulmonary phenomena phase modulates the transmitted signal. The sensor then receives the signal reflected back from the subject via the receive antenna and demodulates it to yield the vital-sign information. Since the phase-noise reduction caused by range correlation was experimentally evaluated in [8] , the direct-conversion architectures with free-running oscillators are able to detect low-frequency cardiopulmonary signals without using the phase-locked loops. The null detection points encountered every quarter wavelength from the sensor to the subject can be avoided with the help of a quadrature architecture [8] [9] [10] . However, the quadrature imbalance often introduces residual phase error to degrade the detection accuracy [11] . The two-tone transmission system in [12] also can resolve the null detection point problem, but it is at the cost of larger bandwidth usage. Since the sensor with higher operating frequency is more sensitive to small chest wall motion, it has been seen that the harmonic sensing architecture [13] and the millimeter-wave circuits [14] , [15] are developed for this purpose. However, the design for these sensors is still challenging with respect to robustness, power consumption, and cost. Moreover, most of the vital-sign sensors reported to date operates at a fixed frequency and lack effective mechanism to prevent cofrequency interference.
In this study, a noncontact vital-sign sensor using a VCO with an injection port and a frequency demodulator is proposed for the first time. As shown in Fig. 2 , the architecture transmits and receives the signal via the VCO's output and injection port, respectively, to bring the VCO into a self-injection-locking state. The frequency demodulator then extracts the vital-sign signals from the VCO output. The combination of the self-injection-locking and frequency demodulation processes yields a delta-sigma noise-shaping mechanism to achieve a high 0018-9480/$26.00 © 2010 IEEE signal-to-noise spectral density ratio (SNR) in the demodulator output. On the basis of this mechanism, the sensor inherently has high sensitivity without using a low-noise amplifier at the front-end. Although the proposed architecture involves a novel sensing principle, the null detection points still exist when the received injection signal into the VCO is quadrature phase with the VCO output signal. For improvement, the architecture allows the VCO to sweep its output frequency, which consequently not only resolve the null detection point problem but also protect the sensor from external radio interference. The authors have covered the architecture and interference aspects and provided brief theory and examples in the preliminary publication of this research [16] . This paper substantially expands [16] to include a delta-sigma model with experimental validation for a parametric study of the SNR gain performance. In addition, this paper further discusses the elimination of the null detection points and demonstrates the vital-sign sensing capability at different frequencies and distances.
II. DELTA-SIGMA MODEL Fig. 3(a) displays the block diagram of an oscillator under injection. The oscillator is modeled with an amplifier and a feedback path. The voltage gain of the amplifier is included in the feedback-path impulse response. The feedback path forms a loop to establish the oscillation condition. It should be noted that the feedback path includes a tank circuit and a summing point to allow the injection of signals. The tank circuit has a resonant frequency to determine the frequency of a free-running oscillator. Fig. 3(b) illustrates the vector representation of signals shown in Fig. 3(a) [17] . In Fig. 3(b) , represents the inherent oscillation signal with instantaneous frequency and constant amplitude represents the injection signal with instantaneous frequency and constant amplitude , and is the resultant oscillator output signal under injection with instantaneous frequency and constant amplitude . Based on Adler's analysis [17] , can be regarded as a vector rotating clockwise with a beat frequency with respect to , and is the phase difference from to . Thus, the instantaneous VCO output frequency is represented as (1) where (2) is the well-known Adler's equation [17] under the assumption of weak injection level (i.e., ). In (2), is a quality factor of the VCO's tank circuit, and (3) denotes the instantaneous frequency separation between the oscillation and injection signals.
When the VCO enters the self-injection-locking state by inserting the output signal into the injection port via a certain path, all of the signals in Fig. 3 (b) can be further treated to have the same frequency with a different instantaneous phase variation, and their instantaneous frequencies are then written as (4) (5) (6) Note that, in (4)- (6) , and are mutually dependent, and both are dependent on , which is the instantaneous phase noise of VCO. The relation between and is given as (7) where is the time delay of the self-injection-locking path, and represents a phase modulation introduced in the path due to the Doppler effect. Another relationship between and is their instantaneous phase difference , which is given as (8) where is a constant phase shift equal to and is a phase perturbation induced by and . Making the Taylor's expansion of around gives (9) Substituting (3)- (5) and (9) into (2) leads to (10) where (11) is interpreted as the locking range [17] of a free-running oscillator with low phase noise. Substituting (5), (6), and (10) into (1) yields the following relation between and :
Integrating (12) gives the instantaneous phase variation with respect to the VCO output, that is (13) Continuing with the derivation, we take the Laplace transforms of (7), (10), and (13) with the Laplace-domain representations and and then solve for in terms of and to yield (14) where, for (15) shows a transfer function of integration with respect to and (16) shows a transfer function of suppression with respect to . It is particularly noted that, in [18] , the same expressions as (16) have been derived for a self-injection-locked oscillator. From (14)- (16), one can understand that exhibits a gain that increases with decreasing modulation frequency and, thus, can greatly amplify the low-frequency modulation information of the vital signs. On the contrary,
shows an attenuation that increases with increasing the path delay and thus can help suppress the phase noise if the delay time is sufficient.
To extract the phase-modulation signal, a frequency demodulator is subsequently used to process the VCO output signal. As shown in Fig. 2 , the mixer multiplies by its delay version and outputs the signal with their phase difference to the baseband. In the time domain, this baseband signal is described by (17) where is the delay time of the delay line used in the frequency demodulator. Taking the Laplace domain of (17) gives (18) For in (18) is further approximated as (19) According to (15) , (16) , and (18), the equivalent model to account for the combined process of self-injection-locking and frequency demodulation can be represented as Fig. 4 with . It is noted that this model behaves as a first-order delta-sigma modulator [19] for noise shaping to enhance the SNR of the phase-modulation signal, as illustrated in Fig. 5 . The self-injection-locking mechanism acts like an integrator to reinforce the low-frequency components of the phase-modulation signal, while it functions as an attenuator to suppress the phase noise whose spectrum often has a 30-dB/decade slope due to the flicker noise [20] . In contrast, the frequency-demodulation process performs a differential operation to restore the phase-modulation signal without distortion and, in the meantime, push the phase noise out of the modulation bandwidth to high frequencies with a 20-dB/decade slope. Therefore, a phase-noise spectrum with a 10-dB/decade slope is predicted in the baseband. Overall, the delta-sigma process is the key for the proposed sensor system to achieve high SNR performance.
Assume that the phase-modulation signal and the VCO phase noise has a power spectral density (PSD) of and , respectively. The baseband PSD can then be represented as (20) The SNR gain is defined as the ratio between the SNR before and after the delta-sigma process, and it is given by (21) According to (21), we can predict that the SNR gain increases with decreasing modulation frequency at a rate of 20 dB per decade. In addition, the SNR gain increases with a larger locking range which, from (11) , is proportional to the operating oscillation frequency and the injection amplitude . We should also pay attention to the injection phase shift , which causes the null detection points at every odd multiple of 90 . In Section III, we will conduct several experiments to verify the parametric dependence of the SNR gain as indicated above.
III. SNR GAIN EXPERIMENTS
Here, we provide the SNR gain measurements to verify the theory developed in Section II. Fig. 6(a) shows the experimental setup, which includes a differential VCO having an injection port, a phase modulator, a phase shifter, and an attenuator. The signal in one of the VCO's differential output terminals is phase modulated by a sinusoidal waveform of frequency and then fed back to the injection port of VCO via the phase shifter and the attenuator. Thus, the self-injection-locking loop is established. It is noted that both the attenuator and phase shifter are variable for adjusting the injection amplitude and phase shift. The signal in the other differential output terminal connects to a signal source analyzer for measuring the PSD. A constant voltage is applied to the VCO's tuning terminal for determining the oscillation frequency . Fig. 6(b) shows a circuit schematic of the differential VCO using a push-pull configuration [21] . In the push-pull operation mode, the current circulates between the bases of the transistors M1 and M2 so as to drive the two transistors 180 out of phase. Two back-to-back varactors are used in the emitter tank circuit to tune the oscillation frequency with a tuning voltage. Another differential pair of the transistors M3 and M4 forms an injection stage to receive the injection signal. Three microstrip lines are used to compensate for the circuit responses for achieving a wide tuning range. The top one helps maintain the 180 phase difference between the bases of M1 and M2 at a higher operating frequency. The bottom two improve the high-frequency resonant response of the tank circuit to realize a smooth tuning over a large bandwidth. The differential output buffer stage is used to provide output isolation. For this study, two differential VCOs are implemented. One has a tuning range from 0.9 to 2.2 GHz, and the other has a tuning range from 2.2 to 3.6 GHz. Fig. 7 plots the PSD measurement results using the experimental setup shown in Fig. 6 . There are four measured curves in Fig. 7 for evaluating the SNR gain of the sensor system by means of (20) and (21) . Two curves with legends of and are the measured PSDs of the injected and output phase-modulated signal, respectively, for the VCO under modulated self-injection. The other two curves with legends of and are the measured PSDs of the phase noise for the free-running and self-injection-locked VCO, respectively. It can be seen from Fig. 7 that the self-injection-locking notably amplifies the VCO phase-modulation signal and suppresses the VCO phase noise at the same time. With the help of the above measurement technique, SNR gain and its dependence, as expressed in (21), can be accurately verified. Fig. 8 compares the calculated and measured SNR gains at various ratios of the injection amplitude to the oscillation amplitude . The solid line, broken line, and dotted line express the calculated SNR gain according to (21) with equal to 0.05, 0.005, and 0.0005, respectively. The measured results are represented using the circle symbols, showing an excellent agreement with the calculated predictions. It is noted that, for this example, the oscillation frequency is chosen at 2.45 GHz, the tank quality factor is about 25, and the injection phase shift is set at 30 . With the same oscillation frequency and tank quality factor, Fig. 9 shows the comparison results for verifying the dependence of SNR gain on the injection phase shift when the ratio is set at 0.005. The solid line, broken line, and dotted line express the calculated results with equal to 0 , 60 , and 88 , respectively, while the measured results are shown using circle symbols. Again, excellent agreement between calculated and measured results is obtained. We should note that, by varying only, the SNR gain achieves a maximum as , while it vanishes as . By modifying the conditions in the last example to allow a variable and to fix at 0 , we can verify the dependence of SNR gain on using Fig. 10 . In a similar fashion, the calculated results are drawn with lines in Fig. 10 , while the measured results are represented with symbols. The comparison again shows very good agreement. By referring to (11) and (21), the SNR gain is proportional to the square of , and it therefore exhibits an increasing rate of 6 dB per octave as varies from 0.9 to 3.6 GHz.
As mentioned earlier, the SNR gain increases with decreasing modulation frequency at a rate of 20 dB per decade. For the vital sign sensing applications, the processing bandwidth is often limited below 10 Hz, which corresponds to the high SNR gain region, say above 70 dB, as shown in the solid lines of Figs. 8-10 . In another aspect, the phase modulation PSD due to the Doppler effect is generally proportional to the square of the operating frequency. Therefore, the inclusion of the SNR gain factor yields the SNR in proportion to the fourth power of the operating frequency. Based on this characteristic, the proposed sensor architecture can more effectively improve the sensitivity and hence the sensing distance than the conventional ones by using a higher operating frequency.
IV. VITAL-SIGN SENSING EXPERIMENTS
The block diagram of the proposed vital-sign sensor is shown in Fig. 11 . The sensor system contains a receive antenna, a transmit antenna, a differential VCO with an injection port, a frequency demodulator composed of a mixer and a delay line, a low-pass filter (LPF), a bandpass filter (BPF), and a digital signal processor (DSP) with built-in analog-to-digital converter (ADC) and digital-to-analog converter (DAC). Fig. 11 also annotates the key specifications of the RF components used in this sensor system.
The sensing procedure is briefly demonstrated as follows. In transmission, the DSP delivers a frequency control word (FCW) to the built-in DAC and generates a constant voltage to select the VCO output frequency or a 1-kHz linear ramp voltage to sweep the VCO output frequency in the targeted bandwidth. The VCO output signal at the differential positive terminal is then emitted toward the subject by means of the transmit antenna. In reception, the receive antenna receives the signal reflected back from the subject to serve as an injection signal into the VCO via the injection port. The received signal will include the independent wireless communication signals within the targeted bandwidth if an anti-interference ability test is carried out for the sensor system. Afterward, the VCO output signal at the differential negative terminal is frequency demodulated and then low-pass or bandpass filtered for subsequently performing the vital-sign and interference detection in the DSP.
The main function of the proposed vital-sign sensor is to detect the breathing and heartbeat movements of a human subject in a noncontact way. The following shortly describes the Doppler radar principle to support this detection. Consider a distance with a time-varying displacement between the sensor and the subject, and results from breathing and heartbeat movements. These movements cause a Doppler shift that is proportional to the velocity of movement in the reflected signal. Therefore, the received signal's instantaneous frequency is a delay version of the VCO output instantaneous frequency plus the reflected Doppler shift, that is (22) where is the speed of light and is the round-trip propagation delay given by . Comparing (22) and (5) with substitutions of (6) and (7) yields the instantaneous phase modulation, due to the Doppler effect, given by (23)
A. Sensing Results Using a Sweeping Mode
In the swept-frequency operation mode, the VCO in the sensor system performs a frequency sweep in the industrial, scientific and medical (ISM) band from 2.4 to 2.484 GHz at a rate of 100 MHz/ms. Two experimental tests are performed on the sensor system using the swept mode. One is the anti-interference ability test, and the other is a test to eliminate the null detection points.
In the anti-interference ability test, the sensor is interfered by a combination of three independent modulation signals within the operating band. The spectrum of the combined signals has been measured by a spectrum analyzer with the same receive antenna as that of the sensor, and the results are shown in Fig. 12(a) . The first one is a GMSK signal located at 2.421 GHz with a received power 37 dBm and 271-kb/s data rate; the second one is an FM signal located at 2.443 GHz with a received power 42 dBm and 320-kHz modulation bandwidth; and the third one is a quaternary phase-shift-keying (QPSK) signal located at 2.464 GHz with a received power 32 dBm and 1-Mb/s data rate. In [22] , the authors have demonstrated how to extract the interference frequency and amplitude information from the baseband bandpass filter output signal by measuring the center position and duration of the quiet zones appearing in the response of , as shown in Fig. 12(b) . In this figure, three quiet zones are observed at different times, corresponding to the three interference signals at different frequencies.
In the vital-sign sensing experiment, an adult subject is seated 1 m from the sensor and breathing normally. Since the received signals include not only the reflected Doppler-shift signal but also the external radio interference signals in the operating band, we use an LPF to filter out the influence of the interference on the frequency-demodulated output signal and meanwhile preserve the vital sign information for DSP to process. The breathing and heartbeat information can be distinguished by applying digital filters with the following passbands: 0.1-1 Hz for breathing and 1-10 Hz for heartbeat. Consequently, Figs. 13(a) and (b) and 14(a) and (b) show the detected waveforms and spectrums for breathing and heartbeat, respectively. A breathing rate of 17 beats/min and a heartbeat rate of 79 beats/min can be identified.
In the performance test at the null detection point, the sensor first adjusts its operating frequency to a fixed one at 2.438 GHz so that the subject, seated 1 m away from the sensor, is at the null detection point. The heartbeat detection output for this situation is plotted by the dashed line in Fig. 15(a) , showing a vanishing amplitude in the output waveform. Next, the sensor operates in the sweeping mode with the heartbeat detection output shown by the solid line in Fig. 15(a) . One can see that the sweeping mode can effectively resolve the null detection point problem to provide a clear output waveform with sufficiently large amplitude.
For verifying the detected heartbeat rate, an electrocardiogram (ECG) is simultaneously recorded, as shown in Fig. 15(b) , by measuring electrical potential between various points of the subject's chest using a biomedical instrumentation amplifier. The ECG provides information about heart activity and is composed of a P-wave, a QRS complex, and a T-wave to represent the depolarization and repolarization of the atria and ventricles [23] . By comparison, the two output waveforms shown by the solid lines in Fig. 15(a) and (b) coincide with each other in the same heartbeat period.
B. Sensing Results at Different Operating Frequencies
As mentioned earlier, the proposed sensor architecture can achieve an SNR in proportion to the fourth power of the operating frequency . This is because of the facts that both the phase-modulation PSD and SNR gain are proportional to the square of , as can be deduced from (11), (21) , and (23). Since the received power in general decreases with the square of the sensing distance, doubling the operating frequency should increase the SNR by a factor of four times. To validate this prediction, the following experiments are conducted for the sensor to detect the heartbeat at different frequencies and distances to the subject. In the experiments, the VCO in the sensor system operates in a single-frequency mode, and its output frequencies are selected to be 1.8, 2.4, and 3.6 GHz. The sensor is placed away from the subject at four nominal distances, i.e., 0.5, 1, 2, and 4 m. It should be noted that the actual distances between the sensor and the subject are fine-tuned to a multiple of a half wavelength to secure the optimum SNR gain. Fig. 16 shows the heartbeat detection results at 2.4 GHz. It is observed that the amplitude of the output waveform reduces by about half as the sensing distance doubles. In particular, the digital processing of the results at 4 m fails to provide an accurate measure of the heartbeat rate, and thus the verified maximum sensing distance is 2 m for the sensor operating at 2.4 GHz. In a similar fashion, Figs. 17 and 18 show the heartbeat detection results at the other two frequencies, 1.8 and 3.6 GHz. Based on the same criterion of measuring the heartbeat rate, the verified maximum sensing distance is 1 and 4 m for the sensor operating at 1.8 and 3.6 GHz, respectively. This is consistent with our expectation that the sensor can increase the sensing distance four times by doubling the operating frequency.
V. CONCLUSION
This paper presents a novel vital-sign sensor architecture that can resolve the interference and null detection point problems in a noncontact monitoring of cardiopulmonary motion. This paper also provides an accurate delta-sigma model to predict the parametric dependence of SNR gain for the proposed sensor architecture. The experiments verify the theoretical predictions and show very promising sensing results. The most significant results include a high-quality sensing of cardiopulmonary activities at a null detection point while interferences are introduced into the sensor system and an increase of four times the sensing distance by doubling the operating frequency.
